ABSTRACT This paper is a study of the inhomogeneity reduction for near-field acquisition in high-resolution magnetic resonance imaging (MRI) systems. The acquisition homogeneity in MRI imaging modality is an open issue concerning the optimal MRI image generation in terms of the RF signal acquisition. The acquisition inhomogeneity is related to the radiation patterns of the receiving antennas and its location in the MRI system, among other relevant aspects. The acquisition inhomogeneity is translated into two main effects: pattern ripples at the outer cylindrical rings and radial inhomogeneity when comparing the center value (maximum) with the rest of the pattern. To overcome these effects, two strategies are proposed. In the first one, it is proposed to progressively vary the antenna location in the azimuthal array distribution. In the second one, it is proposed to progressively vary the antenna amplitude and phase feeding in the array distribution. To compute a figure of merit of the pattern radial uniformity and the ripples, two metrics are defined in this paper. It is proved that both the progressive modification in the location at each array ring and the variation of the feeding phase of each array ring reduce the pattern ripples and radial inhomogeneity. Optimal values for either the angular rotation or the feeding phase values can be calculated, depending on the particular dimensions of the cylinder that conforms the region of interest.
I. INTRODUCTION
Magnetic resonance imaging (MRI) is a commonly used diagnostic imaging acquisition modality and technique for obtaining high quality images of tissues and inner structures of a human body. Its non-invasive nature and the high image resolution for soft tissues make MRI one of the most attractive diagnostic imaging techniques. It is commonly used for locating anomalous pattern in tissues, being a fundamental modality in neuroscience field as a diagnosis or monitoring tool for the identification of anomalous patterns and their location [1] . In some cases, these processes are developed autonomously, with computer aided diagnostic (CAD) systems [2] - [4] . This kind of supervised monitoring and pattern identification require high quality images at the microscopic scale, which means a high signal to noise ratio (SNR) and a high spatial resolution. In this way, one aspect that has to be conveniently addressed when acquiring medical images for assisted diagnosis is the quality of the acquisition, in terms of resolution, homogeneity and stability of the acquired signal to be processed to compose the final image. This is of paramount importance in the particular case of MRI imaging, due to the particular image acquisition process and its spatial and signal resolution. In MRI, the patient is subjected to a variety of strong static and radio frequency (RF) fields. The MRI resolution depends directly on the static magnetic flux density (B 0 ), which has pushed the MRI systems to work above 1.5 Tesla (T) field levels. Latest designs and equipment imply 7-11 T levels [1] . The B 0 magnetic field is further influenced by a magnetic field B 1 that is applied perpendicular to it by pulses. This combination of magnetic field pulses generates, in a complex manner, RF signals at a specific frequency, which is called Larmor frequency and depends on the considered nucleus. This RF signals are recorded by means of arrays of RF antennas annularly deployed along the cylindrical volume in which the signal acquisition is performed [5] , [6] . The signal received at the RF receive antennas, previous to any amplification, is typically about 1-10 uV. Figure 1 shows the MRI acquisition system model, while Fig. 2 provides an example of field excitation and pulse generation for polar acquisition, for the sake of completeness.
The intensity of such magnetic fields has influence in the homogeneity of the acquisition. For instance, compared to conventional 1.5 T systems, the shorter wavelength at 3T or beyond degrades the uniformity of the B 1 field, as the phase delay in the region under study is increased [7] . Therefore, problems of homogeneity in the captured signals emerge, depending on the area of the studied volume from which the signal comes. In fact, there is a 'hyper-intensity' effect at the center of volume due to the field concentration in the axis and the intensity level fluctuations as the central axis is drawn away.
To overcome this inhomogeneity effect, actions can be adopted by means of field shimming, either in the B1 field generation (transmission) stage or in the RF capture (reception) stage. This shimming strategy enhances image quality within specific regions of interest (ROIs). Thus, this RF shimming refers to the way of actuation over the RF transmission/ acquisition subsystem. This actuation can be done either manipulating the excitation (amplitude and phase) of each array element in an RF transmission array imaging region [8] , [9] or controlling the amplitude and phase of the received signals in the reception array [10] . Both approaches have the objective of minimizing the inhomogeneity in the final MRI image.
Regarding the first approach, some strategies have been followed to guarantee the best homogeneity in the distribution of the B1 field over the desired region by properly adjusting the driving excitations of channels in the MRI transmit array. One of the most successful ones is minimizing the mean square error (MSE) of the magnitude of the B1 field with respect to a reference value [11] . Regarding the second approach, some strategies are adopted [10] . In this work, the second approach is selected, as MRI systems have typically more reception elements than excitation ones. In this second approach, there is a specific interest in the design of antenna arrays to reduce the inhomogeneous acquisition, being appropriate to achieve high resolution images [12] , [13] . In such array structures, these antennas, distributed in a cylindrical volume, are located close to the area under study in the cylinder (near field), so that the combined effect depends on the distance to the cylinder axis (r_test) and position on that axis [14] , [15] . In the design of the array, it must be considered a trade-off between uniformity in the shaping of the near field radiation pattern and the distance at which this is studied.
In this paper, we study the inhomogeneity reduction for near-field acquisition in high resolution MRI systems. In such systems, the use of higher values for the flux density of the magnetic fields (7-11 Tesla) imposes a higher value of the Larmor frequency of the received RF signal, and, as a consequence, a smaller wavelength value. This makes that the field distribution inside the MRI acquisition cylinder presents more variations and a less uniform pattern. These kind of high resolution MRI systems are quite recent and there are a reduced number of studies addressing this fact [8] - [15] . In this paper, we propose and analyze two successful strategies to improve the pattern radial uniformity and the pattern ripple reduction. For this, two metrics are defined to calculate the figure of merit of the pattern radial uniformity and the ripples. Both, the two successful strategies to overcome these effects and the metrics to state it, are the main contributions of this paper.
This document is organized as follows: section I is devoted to the introduction, section II is dedicated to the study of the system configuration and section III is devoted to the optimal array configuration for the experimentation. Section IV is reserved for the evaluation results and the determination of the optimal solution. Finally, conclusions are outlined in section V.
II. SYSTEM CONFIGURATION
The acquisition elements of an MRI system are a set of independent receiving antennas working in conjunction with the MRI transmit radiating terminals. These elements have been typically known as RF coils, as they were the earliest versions of receiver antennas in such systems. The cooperative functioning of such receivers provide a very high RF sensitivity over a particular region of interest (ROI), which also depends on the ROI size, the number of receivers, and their common configuration. The cooperative functioning of the set of antenna receivers implies the pairing and alignment of them to create an array of elements, each one producing its own signal acquisition from the target ROI RF emission. These cooperative scheme yields multi-receiver/multi-channel MRI systems. Theoretically, 4, 6, 8, 16, 32 or even a larger number of channels are available for such multi-channel systems, but the ones with 8 or 16 channels are the most usual ones.
A. ACQUISITION ARRAY
The receiving radiating elements to capture the RF fields follow a configuration designed to capture the electromagnetic field at each element in a proper manner. The array acquisition provides a resulting signal which is the compendium of the complex signals in the array elements (amplitude and phase). Figure 3 shows the possible configurations in the cylindrical region under test, depending on the number of antennas and the array configuration (1D array or 2D matrix).
The configuration of Fig. 3 .b can be considered as the most general one. In such case, the complete array can be seen as a summation of slices conveniently displaced in the z axis. Thus, the port acquisition scheme for each array corresponds to the one in Fig. 4 .
If conventional array theory for volumetric radiating element distribution is considered, the next general equation arises for the complete array factor (AF), when every antenna has the same field pattern: where A is a complex number that provides the amplitude and phase for the array summation. If this general formulation is particularized for the inner region in a cylindrical array of elements, following the distribution in Fig. 3 .b, the formulation is translated into
Notice that in this case, the complete field pattern must include in the summation the pattern of each element that is a rotated versions of the same element pattern, taking into account the angular (ϕ) and axis (z) position of each acquisition array element. This near field acquisition and the cylindrical distribution of the antennas provide an inherent inhomogeneity in the acquisition cylinder, either in the axis direction (z) or in the radial (ρ) and azimuthal (ϕ) ones. In the first configuration (1D array), only the azimuthal dimension VOLUME 5, 2017 contains elements. In the second configuration (2D matrix), both dimensions contain radiating elements. In this study, the second case is considered.
B. RF RECEIVING ANTENNAS
The receiving RF elements are commonly designed considering basic flat surface resonating elements with low profile (i.e. printed patches or monopoles) [13] , which can be slightly curved in order to fulfill the spacing requirements of the classical cylindrical MRI acquisition systems. These radiating elements are the constituting elements of the RF receiving array. Their design and topology fixes the global near-field radiation pattern of the complete array in the region under test (cylindrical region within the array). In this work, a single patch structure is considered to be the unitary element of the array.
The patch antenna is centered at 298MHz, which is the Larmor frequency for a 7T system and Hydrogen nucleus. The structure is a via-feed square patch, designed over a high permittivity substrate (Arlon AR 1000, ε r = 10) to reduce its dimensions, shielded by a ground plane. Table 1 summarizes the antenna parameters. Fig. 5 shows the RF antenna outcomes. 
III. OPTIMAL ARRAY CONFIGURATION
The reception array configuration defines the reception pattern of the signal in the different acquisition antennas and the composition of the final output signal for the MRI image computation. The key aspect is to consider that the different ROI rings have different near field pattern distribution, and that the optimal solution in terms of homogeneity must be satisfied for the entire ρ range of the ROI. Figure 6 provides a descriptive scheme of the near field constitution, depending on ρ.
In this work, we propose two possible strategies for modifying the array configuration, detailed below. In both cases, the optimal solution in terms of distribution is the one that generates the most stable pattern with the lower relation between pattern maximum and minimum values.
A. VARIATION IN THE PHYSICAL LOCATION OF THE ARRAY ELEMENTS
The first approach implies a change in the physical location of the array elements. Such physical movement may be introduced either in the ϕ component (progressive element displacement (turns) at each slice) or in the z direction (progressive movement of the elements in such direction), as depicted in Fig. 7 .
B. VARIATION IN THE AMPLITUDE AND PHASE, PRESERVING THE PHYSICAL LOCATION OF THE ARRAY ELEMENTS
The second approach implies maintaining the physical location of the array elements, adding a variation in the amplitude and phase of each acquired signal for later signal processing. Figure 8 clarifies this approach.
When the pattern distribution of the cylindrical configuration is computed, it arises that, for the sake of pattern uniformity, the most important parameter to be configured properly is the feeding phase of each array element. In this case, some conventional procedures in array theory related to progressive feeding phase can be applied, which simplify the optimization procedure.
In this case of progressive phase variation, there are two options:
1) PROGRESSIVE PHASE VARIATION AT EACH ANTENNA RING BUT UNIFORM BETWEEN RINGS
This option implies the use of progressive phase variation (α) at each antenna ring, but maintaining uniform the phase relation between rings, as specified in Fig 9. a. Notice that only some values for α are valid because the difference between one antenna and its neighboring must be always α, including the phase difference of the last antenna of the ring and the first one considered (remember that, due to the 360 • periodicity, a phase shift of 0 • is equivalent to 360 • and its multiples).
2) PROGRESSIVE PHASE VARIATION AT EACH ANTENNA RING AND BETWEEN RINGS
In the same way, this option entails the introduction of progressive phase variation (α) at each antenna ring, and also between rings (β). As depicted in Fig 9. b. In this case, there is no restriction for the value of β.
However, the optimal solution can always be computed if the feeding phase of each element is set up with no restriction, at the expense of complicating the feeding phase configuration. In this case, there is a variety of methods that permit the optimization of the values by setting up a target result (in this case, pattern uniformity).
IV. RESULTS FOR THE OPTIMAL ARRAY CONFIGURATION
This study includes a cylindrical array distribution of 8 elements per ring, 5 rings, and a separation of 0.25λbetween rings. The dimensions are ρ = 0.4m and z = 1.2m for the cylinder. The space under study is considered in the range from ρ = 0.2m to ρ = 0m (the cylinder center). Figure 10 provides the initial near field pattern distribution VOLUME 5, 2017 for the cutting plane z = 0, when no variation is introduced. This is the reference pattern for the optimization in order to determine the quality of the optimized configuration.
As it can be seen, the composition in the z = 0 cutting plane is not uniform: there is a difference between the field values at the center (maximum) and the outer ring (minimum) according to ρ (Fig. 10.a) , and variation (ripples) in the field values ( Fig. 10 .b) according to ϕ (the highest ripples are found at the outer ring, for ρ = 0.2m). These two effects can be mitigated if there is a ring rotation in the placement of the elements or a non-uniform phase configuration for the cylindrical array, as detailed in section III. In such situation, the array configuration providing the most stable acquisition in terms of near field pattern distribution and homogeneity is the one leading to the lowest ratio between maximum and minimum pattern values in ρ and the lower ripple ratio in ϕ, both at z = 0.
A. METRICS
In order to compute how uniform the pattern for the cutting plane is, the next metric can be used:
where M (x, y) is the field value in the cutting plane z = 0. The lower the U , the more uniform the pattern. In addition, in this case the center of the pattern is the most important region to be uniform, and the importance of the uniformity decreases with the radius. Thus, it is desirable to have a weighted contribution to compute Eq. (4):
where d(x, y) is the distance to the center of the pattern and p makes reference to the kind of weighting. A value of p = 2 (quadratic) or p = 3 (cubic) can be set as the default ones for a first approach. In the same way, for the ripple ratio, the next metric is applied:
where C(x, y) is the field value in the outer ring. 
FIGURE 12.
Reduction in the ripple ratio at the outer ring (ρ = 0.2m) and z = 0, for the optimal ripple distribution, θ = 11.25 • (in normalized linear units).
B. VARIATION IN THE PHYSICAL LOCATION OF THE ARRAY ELEMENTS
The variation in the location is added by progressively rotating the elements in the slices (progressive turn, θ degrees).
As it can be easily concluded, this option only permits an improvement in the reduction of the ripples ratio in ϕ, whereas the ratio between the field values at the center (maximum) and the outer ring (minimum) is almost preserved. Figure 11 shows the values for U w and R at z = 0, both normalized to its value for θ = 0 • , according to the rotation value θ . For the sake of clarity, Fig. 12 depicts the optimal ripple distribution. Table 2 offers the U W and R values for the optimal rotation, with θ = 11.25 • (row 2).
C. PROGRESSIVE PHASE VARIATION AT EACH ANTENNA RING BUT UNIFORM BETWEEN RINGS
This option implies the introduction of progressive phase variation at each antenna ring, maintaining uniform the phase relation between rings. Preserving the previously mentioned phase restriction of α, for our configuration (8 antennas per ring), the values for α are: Notice that in this configuration the set of possible different patterns is limited to five, and they start repeating beyond n = 5. The five different possible patterns are shown in Fig. 13 .
As it is noticed, the rest of the possible patterns are themselves but worsened in relation to the original patterns without phase variation. However, if they are conveniently combined (weighted summation), a proper pattern can be found, with a more uniform distribution, according to Eq. (6) with p = 3. In this case, the optimal value can be obtained with any optimization procedure (here, a genetic algorithm has been used). Figure 14 provides an example of improved pattern considering the summation for the next weighting values [1, 0, 2.35, 1, 0], ordered according to the patterns in Fig. 13 . Table 2 offers the U W and R values for the 5 different patterns and for the one in the previous example (rows 1, 5, 6, 7, 8 and 9) .
The last configuration presents a more uniform pattern distribution in the ROI. However, in this case, the ripple effect is not only not corrected but also slightly enhanced compared to the original pattern (α = 0 • ). Nevertheless, the ripples can be corrected with the rotation strategy of the previous subsection.
D. PROGRESSIVE PHASE VARIATION AT EACH ANTENNA RING AND BETWEEN RINGS
This option implies the introduction of progressive phase variation at each antenna ring, and also between rings. Again, there is the same restriction in terms of α, and no restriction for the value of β. Figure 15 shows the values for U w and R normalized to its value for β = 0, when varying β in the improved pattern of the previous subsection. As it can be seen, the best value occurs for β = 190 • . For this last optimal value, Fig. 16 provides the corresponding pattern.
It can be noticed when comparing Fig.16 .c and Fig. 16 .b, that the optimization leads to a sharpest beam in z axis, which provides a more uniform pattern at z = 0. Table 2 offers the U W and R values for this solution (row 11).
E. COMBINATION OF PHYSICAL ROTATION OF THE ARRAY ELEMENTS AND PROGRESSIVE PHASE VARIATION
In the last case, the progressive phase variation at each antenna ring (α) and between rings (β) is conjugated with rings rotation (θ ). Figure 17 shows the values for U w and R, normalized to its value for θ = 0, when varying θ in the improved pattern of the previous subsection (β = 190 • and  weighting values [1, 0, 2.35, 1, 0] ). As it can be seen, the best value occurs for θ = 59.2 • . For this last optimal value, Fig. 18 provides the corresponding pattern. When combined, both strategies (rotation and feeding phase variation), yield the best solution in terms of uniformity, for both parameters, U W and R. Table 2 offers the U W and R values for this solution (row 12).
As it can be seen, the best value occurs for θ = 59.2 • . For this last optimal value, Fig. 18 provides the corresponding pattern. When combined, both strategies (rotation and feeding phase variation), yield the best solution in terms of uniformity, for both parameters, U W and R. 
V. CONCLUSIONS
This work is devoted to the study of the inhomogeneity reduction for near-field acquisition in high resolution MRI systems, as the acquisition homogeneity in MRI imaging is an open issue. The acquisition inhomogeneity is provoked by two main effects: radial inhomogeneity when comparing the center value (maximum) with the rest of the pattern, and pattern ripples at the outer cylindrical rings. This document proposes two metrics to calculate the figure of merit of the pattern radial uniformity and the ripples, and two strategies to overcome these effects: the first one, the progressive variation of the antenna location (ring rotation) in the array, and the second one, the progressive variation of the antenna feeding phase in the array distribution. The experimental results prove, for the acquisition cutting plane (z = 0), that the ring rotation allows to reduce the pattern ripples, that the variation of the feeding phase of each array ring allows to reduce the radial inhomogeneity, and that both variations lead to a simultaneous reduction of the pattern ripples and radial inhomogeneity at the same time. Thus, optimal values for either the angular rotation or the feeding phase values are computed, depending on the particular dimensions of the cylinder that defines the region under test.
